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BLOCK COPOLYMERS FROM MACROCYCLIC OLIGOESTERS AND 
DIHYDROXYL-FUNCTIONALIZED POLYMERS 



Teclinical Field 

[0001] This invention generally relates to tliermoplastics and articles formed therefrom. More 
particularly, the invention relates to block copolymers and their prepai-ation from macrocyclic 
oHgoesters and dihydroxyl-functionalized polymers. 
5 Background Information 

[0002] Linear polyesters such as poly(alicylene terephthalate) are generally known and 
commercially available where the alkylene typically has 2 to 8 carbon atoms. Linear polyesters 
have many valuable characteristics including strength, toughness, high gloss, and solvent 
resistance. Linear polyesters are conventionally prepared by the reaction of a diol with a 
1 0 dicarboxylic acid or its functional derivative, typically a diacid halide or ester. Linear polyesters 
may be fabricated into articles of manufacture by a number of known techniques including 
extrusion, compression moldmg, and injection molding. 

[0003] Recently, macrocyclic oligoesters were developed which are precursors to linear 
polyesters. Macrocyclic oligoesters exhibit low melt viscosity, which can be advantageous in 
15 some applications. Furthermore, cirtain macrocyclic oUgoesters melt and pol>Ttierize at 

temperatures well below the melting point of the resulting polymer. Upon melting and in the 
presence of an appropriate catalyst, polymerization and crystallization can occur virtually 
isothermally, 

[0004] Block copolymers such as copolyester elastomers are known that are typically prepared 
20 from short-chain aliphatic diols, aromatic diacids, and polyalkylene ether diols. For example, 
one commercial product is a copolymer of 1 ,4-butanediol, dimethyl terephthalate, and 
polytetramethylene ether glycol. This copolymer is prepared via polycondensation reactions in 
two steps at high temperature and high vacuum. The polycondensation reactions may take tens 
of hours or even days, hi addition, the high temperature (about 250°C) that is necessary for the 
25 polycondensation reactions causes significant degradation of polytetramethylene ether glycol. 

Furthermore, the molecular weight of polytetramethylene ether glycol is limited to 1000 or less in 
order to minimize significant phase separation during the polycondensation reaction. 
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Summary of the Invention 
[0005] Block copolymers of high molecular weight have been prepared from niacrocyclic 
oligoestei-s and dihydroxyl-functionalized polymers at an elevated temperature in tlie presence of 
a traiisesterification catalyst. The methods of the invention allow the design and control of the 
5 elasticity, the crystal Unity, the ductility, and the molecular weight of the resulting block 

copolymers, while retaining other desirable properties of polyesters prepared from macrocyclic 
oligoesters as precursors. 

[0006] In one aspect, the invention generally features a method for making a block copolymer. 
In one embodiment, the method includes the step of contacting a macrocyclic oligoester and a 
1 0 dihydroxyl-functionalized polymer at an elevated temperature in the presence of a 

transesterification catalyst. The co-polymerization produces a block copolymer of polyester 
(derived from the macrocyclic oligoester) and the dihydroxyl-functionalized polymer. The 
macrocyclic oligoester has a structural repeat unit of formula (I): 

O O 

O R O H: A 1 (I) 

1 5 wherein R is an alkylene, a cycloalkylene, or a mono- or polyoxyalkylene group; and A is a 
divalent aromatic or alicyclic group. 

[0007] In another aspect, the invention features a method for making high molecular weight 
block copolymer. In one embodiment, the method includes the steps of: (a) contacting a 
macrocyclic oligoester and a dihydroxyl-functionalized polymer at an elevated temperature in the 
20 presence of a transesterification catalyst to produce a block copolymer of polyester and the 
dihydroxyl-functionalized polymer; and (b) heating the block copolymer in the presence of a 
chain extension agent. The chain extension step results in a higher molecular weight block 
copolymer of polyester and the dihydroxyl-functionalized polymer. 

[0008] In yet another aspect, tlie invention features another method for making high molecular 
25 weight block copolymer, hi one embodiment, the method includes the steps of (a) heating a 

dihydroxyl-functionalized polymer with a diester in the presence of a transesterification catalyst, 
thereby producing a chain-extended dihydroxyl-functionalized polymer; and (b) contacting the 
chain-extended dihydroxyl-functionalized polymer with a macrocyclic oligoester at an elevated 
temperature in the presence of a transesterification catalyst. The co-polymerization produces a 
30 block copolymer of polyester and the chain-extended dihydroxyl-functionalized polymer. 
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[0009] In yet another aspect, the invention generally features a method for extending the chain 
length of a polyester polymer. In one embodiment, the method includes the step of contacting 
the polyester polymer and a chain extension agent at an elevated temperature. 
10010] In yet another aspectrthe inveifitioirfea^^ The block copolymer 

has at least two block units. The first block unit has, within its polymeric backbone, at least one 
first structural unit of formula (II) 

O O 

II . I ^ 

, O R O C A- — C- — (U) 



where R is an alkylene, or a cycloalkylene or a mono- or polyoxyalkylene group, and A is a 
divalent aromatic or alicyclic group. The second block unit has, withm its polymeric backbone, 
10 at least one second structural unit of formula (III) 

-B- m 

where B is an alkylene, or a cycloalkylene or a mono- or polyoxyalkylene group. One or more of 
the carbon atoms in B may be replaced with an oxygen atom, a nitrogen atom, or a sulfur atom. 
[0011] The foregoing and other objects, aspects, features, and advantages of the invention will 
15 become more apparent from the following description and claims. 

Description 

[0012] ]n an embodiment according to the present invention, high molecular weight block 
copolymers can be prepared from macrocyclic oUgoesters and dihydroxyl-functionahzed 

2F "polymers at an elevated temperature in the presence of a transesterification catalyst. 
Definitions 

[0013] The following general defmitions may be helpful in understanding the various terms 
and expressions used in this specification. 

[0014] As used herein, a "macrocyclic" molecule means a cyclic molecule having at least one 
25 ring within its molecular structure that contains 8 or more atoms covalently connected to form 
the ring. 

[0015] As used herein, an "oligomer" means a molecule that contains 2 or more identifiable 
structural repeat units of the same or different formula. 
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[00161 As used herein,, an "oligoester" means a molecule that contains 2 or more identifiable 
ester functional repeat units of the same or different forniuja. 

[00171 As used herein, a "macrocyclic oligoester" means a macrocyclic oligomer containing 2 
or more identifiable ester functional re peat uni ts of fesame or different formula. A macrocyclic 
5 oligoester typically refers to multiple molecules of one specific formula having varying rmg 
sizes. However, a macrocyclic oligoester may also include multiple molecules of different 
formulae having varying numbers of the same or different structural repeat miits. A macrocyclic 
oligoester may be a co-oligoester or multi-oligoester, i.e., an oligoester having two or more 
different structui-al repeat units having an ester fimctionality within one cyclic molecule. 

10 [00181 As used herein, a "dihydroxyl-functionalized polymer" means a polymer having at least 
two hydroxyl functional groups. Typically, the at least two hydroxyl fiinctional groups are at the 
ends of a polymer chain. However, the polymer may be branched and each of the two or more of 
branches of the polymer chain may have a hydroxyl fiinctionalized end. 
[00191 As used herem, "an alkylene group" means -C„H2n-, where n > 2. 

15 [00201 As used herem, "a cycloallcyiene group" means a cyclic alkylene group, -CnH2n-x-, where 
X represents the number of H's replaced by cyclization(s). 

[00211 As used herein, "a mono- or polyoxyalkylene group" means [-(GH2)m-0-]n-(CH2)m-, 
wherein m is an integer greater than 1 and n is an mteger greater than 0. 
[0022] As used herem, "a divalent aromatic group" means an aromatic group with links to 
20 other parts of the macrocyclic molecule. For example, a divalent aromatic group may include a 
meta- or para- linked monocyclic aromatic group (e.g., benzene). 
[0023] As used herein, "an alicyclic group" means a non-ai'omatic hydrocarbon group 
containing a cyclic structure therein. 

[0024] As used herein, a "block copolymer" means a copolymer having segments of two or 
25 more polymers linked to one another. A block copolymer has constitutionally different structural 
units. Adjacent segments (i.e., blocks) contain structural units derived from different 
characteristic species of monomer or from structural repeat units with different composition or 
sequence distribution. 

[0025] As used herein, a "chain extension agent" means an agent which facilitates extension of 
30 a polymer (or oligomer) chain. 

[0026] As used herein, "a polyester polymer composite" means a polyester polymer that is 
associated with another substrate such as a fibrous or particulate material. Illustrative examples 
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of particulate material are chopped fibers, glass microspheres, and crushed stone. Certain, fillers 
and additives thus can be used to prepare polyester polymer composites. A fibrous material 
means a more continuous substrate, e.g., fiberglass, cei"amic fibers, cai'bon fibers or organic 
- polymers such as aramid fibers. , — ^ 

Block Copolymers 

[0027] High molecular weight copolymers have been prepared fi-om macrocyclic oligoesters 
and dihydroxyl-functionalized polymers at an elevated temperature in the presence of a 
transesterification catalyst. 

[0028] In one aspect, the invention generally features a method for making a block copolymer. 
In one embodiment, the method includes the step of contacting a macrocyclic oligoestei* and a 
dihydroxyl-functionalized polymer at an elevated temperature in the presence of a 
transesterification catalyst. The co-polymerization produces a block copolymer of polyester and 
the dihydroxyl-functionalized polymer. The macrocyclic oligoester has a structural repeat unit of 
formula (I): 

O O 

O R O : A 

wherein R is an alkylene, a cycloalkylene, or a mono- or polyoxyalkylene group; and A is a 
divalent aromatic or alicyclic group. 

[0029] The co-polymerization reaction between a macrocyclic polyester oligomer and a 
dihydroxyl-functionaUzed polymer is typically completed within minutes. The duration of the 
co-polymerization reaction depends on many factors including the molar ratio of the macrocyclic 
oligoester to the di-hydroxyl-flmctionalized polymer, the mblar ratio of the' catalyst to the ~ " 
macrocylic oligoester and the di-hydroxyl-functionalized polymer, the temperature at which the 
co-polymerization reaction is carried out, the desired molecular weight of the resulting block 
copolymer, and the choice of solvent and other reaction conditions. The co-polymerization 
reaction is preferably conducted under an inert environment, such as under nitrogen or argon, or 
under a vacuum. 

[0030] The weight ratio of the dihydroxyl-fimctionalized polymer to macrocyclic oligoester 
can vary firom about 0.01 to 10, In one embodiment, the molar ratio of cyclic ester to 
macrocyclic oligoester is between about 0.01 to about 0.1. In another embodiment, the molar 
ratio of cyclic ester to macrocyclic oligoester is between about 0.1 to about 1.0. In yet another 
embodiment, the molar ratio of cyclic ester to macrocyclic oligoester is between about 1.0 to 
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about 5.0. In yet another embodiment, the molar ratio of cyclic ester to macrocyclic oligoester is 
between about 5.0 to about 10. , 

[0031] The mol ar ratio of the transesterification catalyst to the macrocyclic oligoester can 
range from about 0.0 1 to about 10. mole percent.-^In one-embodiment, the molar ratio of the 
5 catalyst to the macrocyclic oligoester is from about 0.01 to about 0. 1 mole percent. In another 
embodiment, the molar ratio of the catalyst to the macrocyclic oligoester is from about 0.1 to ■ 
about 1 mole percent. In yet another embodiment, the molar ratio of the catalyst to the 
macrocyclic oligoester is from about 1 to about ,10 ihole percent. 

[0032] The co-polymerization reaction between the macrocyclic oligoester and the dihydroxyl- 
1 0 functionalized polymer is carried out at an elevated temperature. In one embodiment, the 
temperature at which the co-polymerization is conducted ranges from about 130°C to about 
300°a In yet another embodiment, the temperature at wliich the co-polymerization is conducted 
ranges from about. ISO^'C to about 260°C. hi yet another embodiment, the temperature at which 
the co-polymerization is conducted ranges from about 170°C to about 210°C. In yet another 
15 embodiment, the temperature at which the co-polymerization is conducted ranges from about 
180°C to about 190°C. 

[0033] Yields of block copolymer depend on, among other factors, the precursor macrocyclic 
oiigoester(s) used, tlie dihydroxyl-functionalized polymer(s) used, the polymerization catalyst(s) 
used, the reaction time, the reaction conditions, the presence or absence of chain-extension 
20 agent(s), and the work-up procedure. Typical yields range from about 90% to about 98% of the 
macrocyclic oligoester used. In one embodiment, the yield is within a range from about 92% to 

about 95%. _ - . ^ . . 

" [00341 Block copolymers may be designed and prepared according to methods of the invention 

to achieve desired elasticity, crystallinity, and/or ductility. Block copolymers having a high 
25 weight percentage of the dihydroxyl-frmctionalized polymer content (e.g., polytetramethylene 

ether glycol), for example, exhibit an increased toughness and become elastomaric: Similar 

block copolymers having a low weight percentage of the dihydroxyl-functionalized polymer 

content exhibit an increased elasticity. 

[0035] The co-polymerization reaction may be carried out with or without a solvent. A solvent 
30 may be used to dissolve one or more of the reactants and/or to mix the reactants. A solvent may 
also be used as a medium in which the reaction is carried out. Illustrative solvents that may be 
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used include high-boiling compounds such as o-dichlorobenzene and meta-terphenyl. In another 
embodiment, no solvent is used in tlie co-polymeiization reaction. 

[0036] In one embodiment, the above method further includes a step of heating the block- 



-copolymer in the presence of a chain extension' agent, therebyproducing-a^Mock-copolymcr witlr 
5 a higher molecular weight. The chain extension agent may be any material that facilitates chain 
extension of the block copolymer including, for example, diacid chlorides, diisocyanates, and 
diepoxides. In one embodiment, 4,4'-methylenebis(phenyl isocyanate) is used as the chain 
extension agent. In another embodiment, terephthaloyl chloride is used as the chain extension 
agent., In yet another embodiment, a tin or a titanate compound is used as a chain extension 
1 0 agent. In yet another embodiment, two or more of these and other chain extension agents may be 
used together or sequentially. 

[0037] The step of heating the block copolymer in the presence of a chain extension -agent may 
be conducted at a temperature witlain a range from about 130*'C to about 300°C. In one 
embodiment, the step of heating the block copolymer in the presence of a chain extension agent 

15 is conducted at a temperature within a range from about ISO^'C to about 260^C. In another 

embodiment, the step of heating the block copolymer in the presence of a chain extension agent 
is conducted at a temperature within a range from about 1 70°C to about 2 1 0°C. In yet another 
embodiment, the step of heating the block copolymer in the presence of a chain extension agent 
is conducted at a temperature within a range from about 180°C to about 190°C. 

20 [0038] One of the reactants employed in various embodunents of the invention to prepare 
block copolymers is a macrocyclic oligoester. Many different macrocyclic oligoesters readily 
can be made and are usefjJ in the practice of thisjnvention. Thm, depending on tlie desjred ^ 
properties of the final block copolymer product, the appropriate macrocyclic oiigoester(s) can be 
selected for use in its manufacture. 

25 [0039] Macrocyclic oligoesters that may be employed m this mvention include, but are not 
limited to, macrocyclic poly(alkvlene dicarboxylate) oligomers having a structural repeat unit of 
the formula: 



O 



O 




(I) 



30 



or polyoxyalkylene group; and A is a 



wherein R is an alkylene, a cycloalkylene, or a mono 
divalent aromatic or alicyclic group. 
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[0040] Preferred macrocyclic oligoesters are macrocyclic oligoesters of 1,4-butylene 
terephthalate, 1,3-propylene terephthalate, 1,4-cyclohexylenedimethylene terephthalate, ethylene 
terephthalate, and 1 ,2-ethylene 2,6-naphthalenedicarboxylate, and macrocyclic co-oligoesters 
^-^omprising two-or mGre-of the above structural repeat units. — ^ 
[0041] Synthesis of the macrocyclic oligoesters may be achieved by contacting at least one diol 
of the formula HO-R-OH with at least one diacid chloride of the formula: 



O O 



1 0 where R and A are as defmed above. The reaction typically is conducted in the presence of at 
least one amine tliat has substantially no steric hindrance around the basic nitrogen atom. An 
illustrative example of such amines is l,4-diazabicyclo[2.2.2]octane (DABCO). The reaction 
usually is conducted under substantially anhydrous conditions in a substantially water immiscible 
organic solvent such as methylene chloride. The temperature of the reaction typically is within 

15 the range of from about -25°C to about 25°C. See, e.g., U.S. Patent No. 5,039,783 to Bnmelle et 
ah 

[0042] Macrocyclic oligoesters also can be prepared via the condensation of a diacid chloride 
with at least one bis(hydroxyalkyl) ester such as bis(4-hydroxybutyl) terephthalate in the 
presence of a highly unhindered amine or a mixture thereof with at least one other tertiary amine • 

20 such as triethylamine. The condensation reaction is conducted in a substantially inert organic 
solvent such as methylene chloride, chlorobenzene, or a mixUire thereof. See, e.g., U.S. Patent 

..No..5,23I,16LtoBrunelleetal. „ „ . „ - ^- — ^ - 

[0043] Another method for preparing macrocyclic oligoesters or macrocyclic co-oligoesters is 
the depolymerization of linear polyester polymers in tlie presence of an organotin or titanate 

25 compound. In this method, linear polyesters are converted to macrocyclic oligoesters by heating 
a mixture of linear polyesters, an organic solvent, and a transesterification catalyst such Us a tin 
or titanium compound. The solvents used, such as o-xylene and o-dichlorobenzene, usually are 
substantially free of oxygen and water. See, e.g., U.S. Patent Nos. 5,407,984 to Brunelle et al 
and 5,668,186 to Brunelle et al 

30 [0044] It is also within the scope of the invention to employ macrocyclic co-oligoesters to 

produce block copolymers. Therefore, unless otherwise stated, an embodiment of a composition. 
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article, or methods that refers to macrocyclic oligoesters also includes embodiments utilizing 
macrocyclic co-oligoesters. 

[0045] Dihydroxyl-functionalized polymers employed in various embodiments of the invention 
include any dihydroxyl-fuiictiomfed^paiyiiierthatTeacts with a macrocyc^ oligoester to form 
5 a block copolymer under transesterification conditions. Illustrative examples of classes of 
dihydroxyl-functionalized polymers include polyethylene ether glycols, polypropylene ether 
glycols, polytetramethylene ether glycols, polyolefin diols, polycaprolactone diols, 
polyperfluoroether diols, and polysiloxane diols. Illustiative examples of dihydroxyl- 
functionalized polymers include dihydroxyl-functionalized polyethylene terephthalate and 

1 0 dihydroxyl-functionalized polybutylene terephthalate. The molecular weight of the dihydroxyl- 
functionalized polymer used may be, but is not limited to, about 500 to about 1 00,000. In one 
embodiment, the molecular weight of the dihydroxyl-functionalized polymer used is within a 
range from about 500 to about 50,000. In another embodiment, the molecular weight of the 
dihydroxyl-functionalized polymer used is vwthin a range from about 500 to about 10,000. 

1 5 [0046] Catalysts employed in the invention are those that are capable of catalyzmg a 

transesterification polymerization of a macrocycUc oligoester with a dihydroxyl-functionalized 
polymer. One or more catalysts may be used together or sequentially. As with state-of-the-art 
processes for polymerizing macrocyclic oligoesters, organotin and organotitanate compounds are 
the prefenred catalysts, although other catalysts may be used. 

20 [0047] niustrative examples of classes of tin compounds that may be used in the invention 
include monoalkyltin(IV) hydroxide oxides, monoalkyltin(IV) chloride dihydroxides, 
dialkyltin(rV)^xides, bistrialkyltin(IV) oxides, monoalkyltin(IV) fa^^^ dial^ltin(rV) _ 

dialkoxides, trialkyltin(IV) alkoxides, tin compounds having the formula (TV): 



(IV) 




and tin compounds having the formula (V): 
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(V) 



5 wherein R2 is a Ci^ primary alkyl group, and R3 is Cmo alkyl group. 

[0048] Specific examples of organotin compounds that may be used in this invention include 
dibutyltin dioxide, l,l,6,6-tetra-n-butyl-l,6-distaiina-2,5,7,10-tetraoxacyclodecane, n- 
butyltin(rV) chloride dihydroxide, di-n-butyltin(IV) oxide, dibutyltin dioxide, di-n-octyitin oxide, 
n-butyltin tri-n-butoxide, di-n-butyltin(IV) di-n-butoxide, 2,2-di-n-butyi-2-stanna-l,3- 
10 dioxacycloheptane, and tributyltin ethoxide. See, e.g., U.S. Patent No. 5,348,985 to Pearce et al 
In addition, tin catalysts described in conomonly owned U.S.S.N. 09/754,943 (incorporated by 
reference below) may be used in the polymerization reaction. , 

[0049] Titanate compounds that may be used in the invention include titanate compounds 
described in commonly owned U.S.S.N. 09/754,943 (incorporated by reference below). 
15 niustrative examples include tetraalkyl titanates (e.g., tetra(2-ethylhexyl) titanate, tetraisopropyl 
titanate, and tetrabutyl titanate), isopropyl titanate, titanate tetraalkoxide. Other illustrative 
examples include (a) titanate compounds having the formula (VI): 
(VI) 

.0 




20 wherein each R4 is independently an alkyl group, or the two R4 groups taken together form a 
divalent aliphatic hydrocarbon group; R5 is a C2.10 divalent or trivalent aliphatic hydrocarbon 
group; R6 is a methylene or etliylene group; and n is 0 or 1, (b) titanate ester compounds having 
at least one moiety of the formula (VII): 
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(vri) 




wherein each R? is independently a C2-3 alkylene group; 2 is O or N; Rg is a Ci^ alkyl group or 
unsubstituted or substituted phenyl group; provided when Z is O, m=n=0, and when Z is N, m=0 
5 or 1 and m+n = 1, and (c) titanate ester compounds having at least one moiety of the formula 



wherein each R9 is independently a alkylene group; and q is 0 or 1 . 

1 0 [0050] The resulting high molecular weight block copolymer of polyester and the dihydroxyl- 
functionalized polymer may have a molecular weight within a range from about 10,000 to 
300,000. In one embodiment, the molecular weight of tlie block copolymer of polyester and the 
dihydroxyl-functionalized polymer is within a range from about 10,000 to about 70,000. In 
another embodiment, the molecular weight of the block copolymer of polyester and the 

1 5 dihydroxyl-functionalized polymer is within a range from about 70,000 to about 1 50,000. In yet 
another embodiment, Jhe molecular weight of the block copolymer of polyester.and the - - 
dihydroxyl-functionalized polymer is within a range from about 150,000 to about 300,000. 
[0051] In another aspect, the invention relates to a method for making high molecular weight 
block copolymer comprising the steps ofcontacting a macrocyclic oligoester and a dihydroxyl- 

20 functionalized polymer at an elevated temperatuie in the presence of a transesterification catalyst 
to produce a block copolymer of polyester and the dihydroxyl-frmctionalized polymer; and 
heating the block copolymer in the presence of a chain extension agent, thereby producing a high 
molecular weight block copolymer of polyester and the dihydroxyl-functionalized polymer. 
[0052] hi one embodiment, a high molecular weight block copolymer is produced after heating 

25 the block copolymer of polyester and the dihydroxyl-functionalized polymer produced in the first 
step in the presence of a chain extension agent. The step of heating the block copolymer in the 



(Vffl): 



(Vm) 
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presence of a chain extension agent is conducted at a temperature within a range from about 
nO'^C to about 300*'C. hi one embodiment, the step of heating the block copolymer in the 
presence of a chain extension agent is conducted at a temperature witliin a range from about 
ISO^'C to" about 260°C: liranotherembo-diment, the step of heating the block copolymer in the 
5 presence of a chain extension agent is conducted at a temperature within a range from about 
1 70°C to about 2 1 0°C. In yet another embodiment, the step of heating the block copolymer in 
the presence of a chain extension agent is conducted at a temperature within a range from about 
180°C to about 190°C. 

[0053] In yet another aspect, the invention features a block copolymer. The block copolymer 
1 0 contains at least a first block unit and a second block unit The first block unit has, within its 
polymeric backbone, at least one structural unit of formula (II) 

O O 

(II) 



-O R O C- 



where R is an alkylene, or a cycioalkylene or a mono- or polyoxyalkylene group, and A is a 
divalent aromatic or alicyclic group. The second block unit has, within its polymeric backbone, 
15 at least one second structural unit of formula (HI) 

-B- m 

where B is an alkylene, or a cycioalkylene or a mono- or polyoxyalkylene group, one or more of 
the carbon atoms in B may be replaced with an oxygen atom, a nitrogen atom, or a sulfur atom. 
[0054] Illustrative examples of block unit B include a polyethylene ether group, a 

20 polypropylene ether group, a polymethylene ether group, a polyolefm group, a polycaprolactone 

group, apol5perfluoroiether dibCany apoly^aoxfe 

[0055] The block copolymer prepared from a macrocyclic oligoester and a di-hydroxyl- 
fimctionalized polymer may contain blocks derived from the macrocyclic oligoester, blocks 
derived from the dihydroxyl-functionalized polyprier, and blocks derived from both the 

25 macrocyclic oligoester and the dihydroxyl-fiincti'onalized polymer. The length of the individual 
blocks and the sequence thereof can be designed to serve particular applications. 
[0056] In another aspect, the invention features a method for making high molecular weight 
block copolymer. In one embodiment, the method includes the steps of: (a) heating a dihydroxyl- 
functionalized polymer and a diester in the presence of a chain extension agent, thereby 

30 producing a chain-extended dihydroxyl-fimctionalized polymer; and (b) contacting the chain- 
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extended dihydioxyl-fiuictionalized polymer and a macrocyclic oligoester at an elevated 
temperature in the presence of a transesterification catalyst. The co-polymerization produces a 
block copolymer of polyester and the chain-extended dihydroxyl-fiinctionalized polymer. 
[0057] The diester that may be employed include dialkyl terBphtlialffet suclf as dimetfiyr 
5 terephthalate and dimethyladipate. 

[0058] The step of heating a dihydroxyl-functionalized polymer with a diester in the presence 
of a transesterification catalyst may be conducted at a temperature within a range from about' 
130''C to about 300°C^ In one embodiment, the step of heating a dihydroxyl-functionalized 
polymer with a diester in the presence of a transesterification catalyst is conducted at a 

1 0 temperature within a range from about 1 50°C to about 260°C; In another embodiment, the step 
of heating a dihydroxyl-functionalized polymer with a diester in the presence of a 
transesterification catalyst is conducted at a temperature within a range firom about 170°C to 
about 210°C, In yet another embodiment, die step of heating a dihydroxyl-functionalized 
polymer with a diester in the presence of a transesterification catalyst is conducted at a . 

1 5 temperature within a range from about 1 80°C to about 1 90°C 

[0059] The amomit of the diester used depends on factors including the desired molecular 
weight of the block copolymer to be produced. In one embodiment, the molar ratio of the diester 
to the dihydroxyl-functionalized polymer is within a range from about 0.1000 to about 0.9999. 
[0060] The step of heating a dihydroxyl-functionalized polymer with a diester in the presence 

20 of a transesterification catalyst may be conducted under a vacuum. It may also be conducted in 
an inert environmental such as argon or nitrogen. The reaction is completed within about 5 
minutes to about 45 minute^^^ . 
[0061] In another aspect, the invention features a method for extending the chain length of a 
polyester polymer. In one embodiment, the method includes the step of contacting the polyester 

25 polymer and a chain extension agent at an elevated temperature. The polyester polymer may be 
any polyester polymer including polybutylene terephthalate and polyethylene terephthalate. 
[0062] The compositions and methods of the invention may be used to manufacture articles of 
various size and shape from various macrocyclic oligoesters and dihydroxyl-functionalized 
polymers. Exemplary articles that may be manufactured by the invention include without 

30 hmitation automotive body panels and chassis components, bumper beams, aircraft vAng skins, 
windmill blades, fluid storage tanks, tractor fenders, tennis rackets, golf shafts, windsurfing 
masts, toys, rods, tubes, bars stock, bicycle forks, and machine housings. 
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(0063) In the manufacture of an article, various types of fillers may be included. A filler often 
is included to achieve a desired puipose or property, and may be present in the resulting polyester 
polymer. For example, the purpose of the filler rnay be to provide stability, such as chemical, 

-thermal or light:stability, to the blend material or the polyester polymer product, and/or to ~- — 

5 increase the strength of the polyester polymer product A filler also may provide orreduce color, 
provide weight or bulk to achieve a particular density, provide flame resistance (i.e., be a flame 
retardant), be a substitute for a more expensive material, facilitate processing, and/or provide 
otlier desirable properties as recognized by a skilled artisan. Illustrative examples of fillers are, 
among others, fiamed silicate, titanium dioxide, calcium carbonate, chopped fibers, fly ash, glass 
10 microspheres, micro-balloons, crushed stone, nanoclay, linear polymers, and monomers. Fillers 
can be used to prepare polyester polymer composites, 

[00641 Furthermore, in the manufacture of an article additional components (e.g., additives) 
may be added. Illustrative additives include colorants, pigments, magnetic materials, anti- 
oxidants. UV stabilizers, plasticizers, fire-retardants, lubricants, and mold releases. 

15 Examples 

[0065] The following examples are provided to further illustrate and to facilitate the 
understanding of the invention. These specific examples are intended to be illustrative of the 
invention. The products obtained &om these examples may be confirmed by conventional 
techniques such as proton and carbon-13 nuclear magnetic resonance spectroscopy, mass 
20 spectroscopy, infi-ared spectroscopy, differential scanning caloiimetry and gel permeation 
chromatography analyses. 
Example A ^ 

[0066] The macrocyclic oligoesters employed was a mixture of ohgomers having various 
degrees of polymerization with 95 mole percent 1,4-butylene terephthalate units and 5 mole 
25 percent ethylene terephthalate units. Tlie macrocyclic oligoesters were prepare by heating a 

mixture of polyester linears, organic solvents, such as ^-xylene and <7-dichlorobenzene, which are 
substantially free of oxygen and water, and tin or titanium compounds as transesterification 
catalysts. See U.S. Patent No. 5,668,1 86 (incorporated herein by reference in its entirety). 
Example 1 

30 [0067] A small vial (21x70mm, 4 drum) equipped with a magnetic stir and a nitrogen/vacuum 
adaptor, was charged with 2.0 grams (8.91 mmol based on structural units) of the macrocycUc 
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(1,4-butylene tereplithalate) oligoester and pre-determined amount of dihydroxyl terminated 
polymer. The mixture was dried by heating at about \90°Cn torr for 5 minutes. The vacuum 
was released with nitrogen. A polymerization catalyst (0;30 mole percentage) was added as a 
solution in o-dichlorobenzene. The reaction time-wafrmeasured froni-the time-of catalyst- , 
addition. The time for the melt to stop the magnetic stirrer was noted as the end of the induction 
period. After the magnetic stirrer stopped, heating was continued under nitrogen for about 15 to 
30 minutes during wliich time crystallization of the polytnerized product began to yield white 
solid. At the end of the polymerization, the vial was cooled to room temperature and was broken 
to remove the polymer product. The polymer product was analyzed by gel pemieation 
chromatography to determined percent polymerization and molecular weight relative to 
polystyrene. The results are shown in Table 1 . ; 



15 



Table 1. Co-polymerization of Macrocyclic Oligoesters with 
Dihydroxyl-Functionalized Polymer at 190°C 



Dihydroxyl- 
terminated polymer 


Catalyst used 


Dihydroxyl- 
terminated 
polymer, 
wt% 


Induction 
Period, 
seconds ' 


Polymerization 
Time, minutes 


Polymer 
Yield, % 


Mw of 
Polymer 


poIy(ethy len e-co- 1 ,2- 
butylene) diol 


stannoxane' 


10 


30 


15 


97 


74,000 


Terathane 2900" 


stannoxane' 


5 


30 


15 


96 


105.000 


Terathane 2900" 


stannoxane* 


10 


35 


15 


98 


60,000 


Terathane 2900" 


stannoxane*" 


20 


20 


15 


95 


45,000 


Terathane 2900" 


stannoxane" 


40 


90 


15 


94 


26,000 


Terathane 2900" 


stannoxane" 


60 


95 


15 


96 


17,000 


Terathane 2900" 


dibutyltin 
dibutoxide — 


60 


90 


15 


98 


30,000 


poly(butadiene) dioi* 


dibutyltin 
dibutoxide 


30 


90 


30 


insoluble 
gel 


insoluble 
eel 



20 



a) Time required to stop the magnetic stirrer 

b) Poly(ethylene-l ,2-butylene) diol, Mw of 3,400 

c) 1,1 ,6,6-tetra-n-butyl- 1 ,6-distanna-2,5,7, 1 0-tetraoxacyclodecane 

d) Polytetramethylene ether glycol, Mw = 2,900 (trade name Hytrel, available from E.L du 
Pont Nemours and Company, Wilmington, Delaware) 

e) Poly(butadiene) diol, Mw of 2,800 



25 



Example 2 

[0068] To a 50 ml one-neck round-bottom flask equipped with a magnetic stir, a dean-stark 
trap, and a condenser, 2.4 grams (10.91 mmol ester groups) of macrocyclic (1,4-butylene 
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terephthalate) oligoester, 3.6 grams (2.48 mmol hydroxy! groups) of polytetrainethylene ether 
glycol Terathane 2900 and 15 ml of o-dichlorobenzene we^e added. The mixture was heated to 
reflux in an oil bath at about 190°C. After removal of 3 ml of o-diclilorobenzeiie, an 
dichlorobenzene solution of tin catalyst Fonii-ez SUL-1 1 A^which4s.a4.: Ureactior^.mixUire-Gf-- 
dibutyltin dioxide/DIOP plasticizer from Witco Chemicals (Crompton Corporation), was added 
to yield 0.3 mole % tin based on ester groups. The mixture was heated under reflux in nitrogen 
atmosphere for about 96 minutes. Then, 1.5 mmol of 4,4'-methylenebis(phenyl isocyanate) was 
added. Significant increase in viscosity was observed immediately. The mixture was heated for 
another 5 minutes and was cooled to room temperature. The viscous solution was tlien diluted 
with o-dichlorobenzene and was added to 1 00 ml of heptane. The resulting polymer precipitated 
out of the solution. After filtration, the resuhing fibrous polymer product was dried overnight at 
about 80°C under vacuum. The polymer product was analyzed by gel pemieation 
chromatography to determined percent polymerization and molecular weight relative to , 
polystyrene. Tlie results are shown in Table 2. 

Table 2. Co-polymerization of MacrocycUc Oligoesters and 
Dihydroxyl-Functionalized Polymer with 4,4'-methylenebis(phenyI 
isocyanate) as chain-extension Agent 



Terathane 2900, wt% 


PolYnierization Time, minutes 


Polymer Yield, % 


Mw of Polymer 


40 


90 


97 


85,300 


20 


90 


97 


120,300 


70 


90 


96 


141,200 


50 


90 


96 


128,100 


" poly(ethylene-co-l^- 
butylene) diol; 50% 


90 - 


. - 95 


- 13 1,700 - 



20 



25 



Exantple 3 

[0069] To a small vial (21x70 mm, 4 drum) equipped with a magnetic stu- and a - 
nitrogen/vacuum adaptor, 4.0 grams of polyteramethylene ether glycol Terathane 2900, 0.214 
gram (1.10 mmol) of dimethyl terephthalate and 2.8 mg (0.01 1 mmol) of monobutyltin chloride 
dihydroxide were added. The mixture was heated under vacuum to 190°C for 30 minutes. Then, 
2.67 grams (12.14 mmol) of macrocyclic (1,4-butylene terephthalate) oligoester was added to the 
viscous liquid mixture. The mixture was heated at about 190°C under nitrogen for about 60 
minutes during which time crystallization of the polymerized product began to yield a white 
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soiid. At the end of the polymerization, the vial was cooled to room temperature and was broken 
to remove the polymer product. The polymer product was analyzed by gel permeation 
cliromatography to determined percent polymerization and molecular weight relative to, 
•^T^olystyl'enerTlieTesults are shown in Table 3 . , " 



Table 3. Co-polymerization of Macrocyclic Oligoesters and 
Dihydroxyl-Functionalized Polymer and Dimethyl Terephthalate 



Terathane 
2900, wt% 


Polymerization 
Time, minutes 


Polymer 
Yield, % 


Mw of 
Polymer 


Tm** CC) 


AH** (J/g) 


. 40 


60 


97 


90,000 


213 


25 


60 


60 


96 


85,000 


210 


22 


70 


60 


95 


80,000 


207 


15 



a) Peak temperature of the melting endotherm determined by DSC with a heating 
rate of20°C/min 

b) Heat of melting determined by DSC with a heating rate of 20°C/min 



[0070] Each of tlie patent documents disclosed hereinabove is incorporated by reference herein 
in their enthety. Variations, modifications, and other implementations of what is described 
herein will occur to those of ordinary skill in the art without departing from the spirit and the 
scope of the invention as claimed. Accordingly, the invention is to be defined not by the 
precedmg illustrative description but instead by tlie spirit and scope of the follovdng claims. 
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CLAIMS 

What is claimed is: 

1 1 . A method for malcing a block copolymer, the method comprising tlie step of contacting a 

2 macrocyclic oligoester anda^iliydrox-yl-functionalized polymer at an elevated temperature in the 

3 presence of a transesterification catalyst, thereby producing the block copolymer of , polyester and 

4 the dihydroxyl-functionalized polymer, 

5 wherein the macrocyclic oligoester has a structuial repeat unit of formula (I): 

0 0 

^ O R O 1 — -A 1 (I) 

7 wherein R is an alkylene, a cycloalkylene, or a mono- or polyoxyalkylene group; and A is 

8 a divalent aromatic or alicyclic group. 

1 2. The method of claim 1 wherein the macrocyclic oligoester comprises at least one of a 

2 macrocyclic oligo(l ,4-butylene terephthalate) and a macrocyclic oligo(ethylene 

3 terephthalate). 

13. The method of claim 1 wherein the dihydroxyl-functionalized polymer comprises at least 

2 one of a polyethylene ether glycol, a polypropylene ether glycol, a poIyteU^ethylene 

3 ether glycol, a polyolefm diol, a polycaprolactone diol, a polyperfluoroether diol, and a 

4 polysiloxane diol. 

1 4. The method of claim 1 wherein the dihydroxyl-functionalized polymer comprises at least 

2 one of a dihydroxyl-functionalized polyethylene terephthalate and a dihydroxyl- 

3 functionalized polybutylene terephthalate. 

.1, .5. The. method of claim 1 wherein the.dihydroxyl-functionalized . polymer has a molecular. 
2 weight in a range from about 500 to about 100,000. 

1 6, The method of claim 5 wherein the dihydroxyl-functionalized polymer has a molecular 

2 weight in a range from about 500 to about 1 0,000. 

1 7. The method of claim 1 wherein the weight ratio of the dihydroxyl-fimctionalized polymer 

2 to the macrocyclic oligoester is in a range from about 0.01 to about 1 0.0. 

1 8. The method of claim 7 wherein the weight ratio of the dihydroxyl-functionalized polymer 

2 to the macrocyclic oligoester is in a range from about 0. 1 to about 3.0. 

1 9. The metliod of claim 1 wherein the molecular weight of the block copolymer is in a range 

2 from about 10,000 to about 300,000. 
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1 1 0. The method of claim 9 wherein the niolecular weiglit of the block copolymer is in a range 

2 &om about 40,000 to about 160,000. 

1 11. The method of claim 1 wherein the transesterific^tion catalyst is present in an amount 

.2^^-- -from about 0:01 to about 10 mole percent of the macrocyclic oligoester. ' 

1 12. The method of claim 1 wherein the transesterification catalyst comprises a tin compound. 

1 13. The niethod of claim 1 2 wherein the tin compound comprises at least one of a 

2 monoalkyltin(rV) hydroxide oxide, a monoalkyltin(rV) chloride dihydroxide, a 

3 dialkyltin(IV)' oxide, a bistrialkyltin(iV) oxide, a monoalkyltin(IV) trisalkoxide, a 

4 dialkyltin(rV) dialkoxide, a trialkyltm(IV) alkoxide, a tin compound having the formula 

5 (IV): 

6 (IV) 




7 
8 

9 and a tin compound having the formula (V): 

10 (V) 
11 




12 
13 

14 wherein: 

15 R2 is a C M primary alkyl group, and , 

16 R3 is Ci-io alkyl group. 

1 14. The method of claim 12 wherein the tin compound comprises at least one of 1 ,1 ,6,6-tetra- 

2 n-butyl-1 ,6-distanna-2,5,7,l 0-tetraoxacyclodecane, dibutyltin dibutoxide, dibutyltin 

3 dioxide, and monobutyltin chloride dihydroxide. 

1 15. The method of claim 1 wherein the transesterification catalyst comprises a titanate 

2 compound. 
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1 6. The metliod of claim 1 5 wherein the titanate compound comprises at least one of (a) 
tetraisopropyl titanate, (b) isopropyl titanate, (c) tetraalkyl titanate, (d) titanate 
tetraalkoxide, (e) a titanate compound having the formula (VI): 



wherein: 

each R4 is independently an alkyl group, or the two R4 groups taken together form a 
divalent aliphatic hydrocarbon group; ^ 
R5 is a C2.10 divalent or trivalent aliphatic hydrocarbon group; 

is a methylene or ethylene group; and 
n is 0 or 1, 

(f) a titanate ester compound having at least one moiety of the formula (VII): 



each R7 is independently a C2-3 alkylene group; 
ZisOorN; 

Rs is a Ci-6 alkyl group or unsubstituted or substituted phenyl group; 
provided when Z is O, m=n=0, and when Z is N, m=0 or 1 and m+n = 1, 
and (g) a titanate ester compound having at least one moiety of the formula (VEfl): 



mi 




O 



(vn) 




wherein: 
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21 (vni) , ' 

^ 0— f9-0|q/ 
Ti Ti 

./\^^/\:- 

22 

23 wherein: 

24 each R9 is independently a C2-6 allcylene group; 

25 andqisOorl. 

1 1 7. The method of claim 1 wherein the elevated temperature is within a temperature range 

2 from about 130°C to about 300*'C. 

1 18. The method of claim 1 7 wherein the elevated temperature is within a temperature range 

2 from about 150°C to about 260**C. 

1 19. The method of claim 1 8 wherein the elevated temperature is within a temperature range 

2 from about 170°C to about 210°C. 

1 20, The method of claim 1 further comprising the step of heating the block copolymer in the 

2 presence of a chain extension agent. 

1 21. The method of claim 20 wherein the chain extension agent comprises at least one of a 

2 diacid chloride, a diisocyanate, and a diepoxide. 

1 22, The method of claim 2 1 wherein the chain extension agent comprises at least one of 4,4 - 

2 metliylenebis(phenyl isocyanate) and terephthaloyl chroride. 
1 23. A block copolymer prepared by the method of claim 1 . 

1 24. A composite material comprising the block copolymer prepared by the method of claim 

1 25. An article of manufacture comprising the block copolymer prepared by the method of 

2 claim 1. 

1 26. The method of claim 1 further comprising the step of heating the dihydroxyl- 

2 fimctionalized polymer with a diester at a temperature range from about 1 30°C to about 

3 300°C in tlie presence of a transesterification catalyst before the step of contacting a 

4 macrocychc oligoester and a dihydroxyl-ftinctionalized polymer at an elevated 

5 temperature in the presence of a transesterification catalyst. 

1 27. The method of claim 26 wherein the diester comprises a dimethyl terephthalate. 

1 28. The method of claim 26 wherein the temperature range is from about 1 50°C to about 

2 260°C. 
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The method of claim 28 wherein the temperature range is from about 170°C to about 
210°a ' 

A method for making high molecular weight block copolymer comprising the steps of: 

(a) contacting a macrocyclic oHgoester and a dihydroxyl-functionalized^polymer at an • 
elevated temperamre in the presence of a transesterification catalyst to produce the 
block copolymer of polyester and the dihydroxyl-fiinctionalized polymer; and ^ 

(b) heating the block copolymer in the presence of a chain extension agent, thereby 
producing a high molecular weight block copolymer of polyester and the 
dihydroxyl-functionalized polymer, 

wherein the macrocyclic oligoester has a structural repeat unit of formula (I): 

0 0 

O R O 1 A— I— (I) 

wherein R is an allv^lene, a cycloalkylene, or a mono- or polyoxyalkylene group; and A is 
a divalent aromatic or alicyclic group. 

The method of claim 30 wherein step (b) comprises heating at a temperature range from 
about 130*'C to about 300°C. 

The method of claim 30 wherein step (b) comprises heating at a temperature range from 
about 1 5(fC to about 260''C. 

The method of claim 30 wherein step (b) comprises heating at a temperature range from 
about 170°C to about 210°C- 

A block copolymer comprising a first block unit comprising, within its polymeric 
- backbone, at least one fust structural unit of fonnulaCYIK.:_ - - - 

O Q 



O R 0 C A C (VI) 

where R is an alkylene, or a cycloalkylene or a mono- or polyoxyalkylene group, and A is 
a divalent aromatic or alicyclic group; 

and a second block unit comprising, within its polymeric backbone, at least one second 
structural unit of formula (VII) 

-B- (vn) 
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9 where B is an alkylene, or a cycloalkylene or a mono- or polyoxyalkylene group, one or 

1 0 more of the carbon atoms in B may be replaced with an oxygen atom, a nitrogen atom, or 

11 a sulfur atom. 

1 35. Thjy^l.ack-copolymerxfxlaim 3 4-wherein B comprises at least one of a polyethylene 

2 ether group, a polypropylene ether group, a polymethylene ether group, a polyolefm 

3 group, a polycaprolactone group, a polyperfluoroether diol, and a polysiloxaiie diol. 
1 36. A composite material comprising the block copolymer of claim 34. 

1 37. An article of manufacture comprising the block polymer of claim 34. 

1 38. The block copolymer of claim 34 having a molecular weight of from about 1 0,000 to 

2 about 300,000. 

1 39. A method for making high molecular weight block copolymer comprising the steps of: 

2 (a) heating a dihydroxyl-fiinctionalized polymer with a diester in the presence of a 

3 transesterification catalyst thereby producing a chain-extended dihydroxyl- 

4 fimctionalized polymer; and 

5 (b) contacting the chain-extended dihydroxyl-functionalized polymer with a 

6 macrocyclic oligoester at an elevated temperature in tlie presence of a 

7 transesterification catalyst, thereby producing a block copolymer of polyester and 

8 the chain-extended dihydroxyl-functionalized polymer, 

9 wherein the macrocyclic oligoester has a structural repeat unit of formula (I): 

O O 

10 O R O 1 A 1 (I) 

l.L.^^, wherein R is an alkylene, a cycloalkylene, ,Qr.a mono-..or-polyoxyalleylene.group; and A- is--" 

12 a divalent aromatic or alicyclic group. 

1 40. The method of claim 39 wherein the diester comprises dimethyl terephthalate. 

1 41 . The method of claim 40 wherein step (a) comprises heating at a temperature range from 

2 abi)irl30*'C to about 300°C. 

1 42, The method of claim 41 wherein step (a) comprises heating at a temperature range from 

2 about 1 50°C to about 260°C. 

1 43. Tlie method of claim 39 wherein step (a) comprises heating at a temperature range from 

2 about 1 70°C to about 2 1 0°C. 

1 44. A method for extending the chain length of a polyester polymer comprising the step of 

2 contacting the polyester polymer and a chain extension agent at an elevated temperature. 
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The metliod of claim 44 wherein the chain extension agent comprises at least one of a 
diacid chloride, a diisocyanate, and a diepoxide. , 

The method of claim 45 wherein the chain extension agent comprises at least one of 4,4'- 
methylenebis(pheayLisacyanate)-and terephthaloyl chloride. 
The metliod of claim 44 wherein the polyester polymer comprises a copolymer of a 
macrocyclic oligoester and a dihydroxyl-functionalized polymer. 
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